We describe a novel platform for acoustic sample preparation in microchannels and microplates. The utilized method is based on generating a multitude of acoustic resonances at a set of different frequencies in microstructures, in order to accurately control the migration and positioning of particles and cells suspended in fluid channels and chambers. The actuation frequencies range from 30 kHz to 7 MHz, which are applied simultaneously and/or in sweeps. We present two devices: A closed microfluidic chip designed for pre-alignment, size-based separation, isolation, up-concentration and lysis of cells, and an open multi-well microplate designed for parallel aggregation and positioning of cells. Both devices in the platform are compatible with high-resolution live-cell microscopy, which is used for fluorescence-based optical characterization. Two bioapplications are demonstrated for each of the devices: The first device is used for size-selective cell isolation and lysis for DNA-based diagnostics, and the second device is used for quantifying the heterogeneity in cytotoxic response of natural killer cells interacting with cancer cells.
The acoustofluidic chip used for the first application is shown in Fig. 1 . A mixture of 10-µm and 5-µm particles was acoustophoretically pre-aligned in two dimensions into two nodes at combined 4.43-and 6.90-MHz actuation, followed by size-selective focusing of the larger particles into the main channel using a third transducer operating at 1.40 MHz, while guiding the smaller particles into the side channels (cf. Fig. 1 ). Finally, the isolated 10-µm particles were trapped and up-concentrated in an expansion chamber with a fourth transducer at 2.50-MHz actuation.
FIGURE 1.
The device used for size-based selection, up-concentration and lysis of cells. The sample used was a particle mixture containing 5 µm and 10 µm particles. The red numbers (1-3) mark the channel region used for pre-alignment and size-based separation, and (4) trapping and lysis.
In order to investigate the function of the device for cell trapping and lysis, MCF-7 cells were trapped against a flow rate of 5 µm/min at 5.13 MHz. Thereafter, a 37.5-kHz transducer was attached to the chip and operated for 3 minutes at 82 V pp for lysing the trapped cell aggregates. In order to confirm that the cells were not lysed due to heating, we measured the temperature inside the chip by the use of a thermocouple probe attached to the transducer. The moderate temperature increase indicates that acoustic cavitation is the most likely reason for the cell disruption. Finally, using confocal microscopy and the fluorescent probes calcein-AM and far-red DDAO-SE, we observed from four repetition of the experiment that a large majority of the cells had no remaining calcein-AM in the cytoplasm after the kHz-ultrasonic treatment. This is one strong indication of cytolysis.
Our measurements demonstrates that an acoustofluidic chip operated with five different ultrasonic transducers (between 37.5 kHz and 6.90 MHz) can be used for on-chip sample preparation, by performing in a sequence the following cell manipulation functions: Pre-alignment, size-selective separation, isolation, up-concentration and lysis.
For the other investigated device, we have previously described a gentle method for measuring individual cellcell interactions in a highly parallel manner, based on ultrasonic trapping of cells in a multi-well microplate [1] . Furthermore, we have demonstrated that acoustic streaming -an effect that often limits the trapping performancecould be suppressed by frequency-modulation [2] ultrasonic actuation (without affecting the cell trapping performance), compared with single-frequency actuation. However, when our device is operated at higher amplitudes the repeatability and robustness of our method is reduced.
Therefore, we analyze the dynamics of cell or particle trapping and fluid streaming for various actuation frequencies and voltages using the novel planar ring-transducer. The purpose is to improve the robustness and efficiency of the device, and to calibrate our method for small microscopy field-of-view (FOV). This is done by studying the particle and fluid tracks at high voltage actuation (up to 200 V pp ), and by measuring the positioning accuracy of particle clusters for actuation frequencies between 2.2 and 2.4 MHz. In addition, we measure the dependence of acoustic streaming on the temperature and actuation time.
A schematic view of the second device is shown in Fig. 2 , including an image of the trapping result of singlefrequency (SF) actuation compared to frequency-modulation (FM) actuation. The device utilizes a new planar ringtransducer of simpler and more uniform geometry, compared to our previously used wedge transducer [3] . On average, FM actuation decreases the FOV of the microscope to merely 13 % of the corresponding FOVs when using SF actuation. Our results show that the scanning time of 3D confocal microscopy during high-resolution imaging of the immune synapse [4] can be decreased one order of magnitude with frequency-modulation actuation compared to single-frequency actuation.
Finally, we show that the method using the second device can be used for quantifying the heterogeneity in killing ability of natural killer (NK) cells interacting with tumor cells. We quantify the number of kills and killing time per NK cell in a 4-hours assay, and use this result for classifying the NK cells as inactive (passive NK cells), low or medium cytotoxic activity ("normal" NK cells) and high cytotoxic activity ("serial killer" NK cells).
FIGURE 2. (a)
The device used for studying individual cell-cell interactions. A ring-transducer (7) is attached to a silicon-glass multi-well microplate (6) and attached to a holder (1) (2) (3) 8) . A fluid sample containing cells is loaded above the wells in the microplate and stored inside a PDMS frame (5) and glass lid (4). (b) The effect of driving the microplate at singe frequency (SF) compared with frequency modulation (FM). The blue clusters show the aggregates of 10 µm particles at SF actuation, and the red clusters show the aggregates (same particles) at FM actuation. As can be seen, the aggregates are more compact and centered in the wells at FM actuation.
